The thermodynamic properties and associated phase equilibria for the Al-Sm binary system are examined, and experimental results regarding the stability of the Al 3 Sm, Al 11 Sm 3 , and Al 4 Sm intermetallics are incorporated. In the analysis presented, the liquid phase is described using a three-species association model, the intermediate phases are treated as stoichiometric compounds, and the terminal phases are treated as solid solutions with a single sublattice model. In addition to the stable phases, thermodynamic descriptions of the metastable Al 11 Sm 3 -α and Al 4 Sm-γ phases are employed, and both stable and metastable phase equilibria are presented over the full composition range, providing a general model, which is consistent with available experimental data. Metastable liquidus curves are examined with respect to the observed crystallization behavior of amorphous Al-Sm alloys. Modeling of Thermodynamic Properties and Phase Equilibria for the Al-Sm Binary System
I. INTRODUCTION
THE formation of crystalline phases in aluminum rare-earth (Al-RE) binary alloys has received considerable attention due to a number of interesting phenomena related to rapid solidification, [1] glass formation, [2] [3] [4] [5] devitrification behavior, [6] nanocrystalline applications, [7, 8] and metastable phase transformations. [9] [10] [11] By virtue of these features, it is clear that the binary Al-Sm system is one in which the metastable phases play a major role in the various solidification and devitrification phenomena. As such, accurate thermodynamic treatments of equilibrium and metastable phases are required to use this system as a model for the investigation of fundamental competition and selection principles in systems far from equilibrium. Considerable work has been done to quantify the various phase equilibria in the Al-Sm system, [12] [13] [14] [15] [16] [17] [18] [19] [20] and the reader is referred to our recent review of reported experimental and modeling efforts. [11] In addition, the reader is referred to Table I of Reference 11 for a comprehensive summary of the structure and composition of the various stable and metastable phases observed in the Al-Sm binary system.
The most current Al-Sm phase diagram is shown in Figure 1 , [20] and, for the sake of brevity, the inconsistencies that remain unresolved are summarized here. First, prior models [20] take no account of the metastable c phase (orthorhombic, Al 4 U type), which has been observed in various devitrification sequences. [9, 10] We have previously investigated the relative stability of the c phase along with other Al 4 Sm and Al 11 Sm 3 phases and incorporate our prior results into the general model here. [11] Second, while experimental evidence for the relative stability of the a phase is unclear, [12] [13] [14] [15] [16] [17] [18] [19] [20] it has been treated as a stable phase, and it appears in the equilibrium phase diagram proposed by Saccone, [20] as shown in Figure 1 . Our prior work, however, suggests that a has no range of full stability but rather that it is metastable down to 0 K, [11] which is reflected in the current treatment. Third, reported experimental data for the region between the L fi b + r and b + r fi d reactions are not sufficient to clearly establish the associated phase equilibria, as indicated in Figure 1 . Specifically, calorimetry measurements [14, 15, 20] suggest that there may be an invariant near 1490 K, between the L fi b + r and b + r fi d reactions. This feature would be similar to that observed in the Al-La system, which exhibits a stable Al 7 La 3 phase in this temperature range. Moreover, inconsistent reports of the L fi b + r eutectic invariant [14, 15, 20] and poor agreement between prior models [20] and experimental data [14, 15, 20] (Table I) indicate that better thermodynamic descriptions of the liquid phase are necessary.
In this article, each of these issues is addressed through the development of a general model for the thermodynamic properties of the Al-Sm system. Experimental measurements are included to clarify the stability of the Al 7 Sm 3 compound, and an association model, capable of describing the chemical short-range order in the liquid phase, is employed. In addition, our formulation includes thermodynamic descriptions of the metastable Al 11 Sm 3 -a and Al 4 Sm-c phases. The model parameters, describing the Gibbs free energies associated with the formation of compounds or solution phases, are determined through a systematic semiempirical optimization, employing experimental data from current work and those available in the literature. [11, 14, 15, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] The resulting thermodynamic properties and the corresponding equilibrium phase diagram are compared with the prior thermodynamic modeling reported by Saccone et al. [20] Finally, the computed metastable liquidus curves for the Al 4 Sm-b and fcc phases are examined and compared with reported observations of crystallization from the undercooled liquid or amorphous state. [9, 10] 
II. EXPERIMENTAL MEASUREMENTS
To clarify the phase diagram in the region between the L fi b + r and b + r fi d invariants and to resolve the issue of Al 7 Sm 3 stability in the high-temperature regime, specimens were heat treated and water quenched to room temperature, varying heat treatment duration and temperature, for alloy compositions between b [34] by arc melting the pure elements (0. Figure 2 . The pictured sequence reveals a two-phase structure in the as-cast alloy, which passes through a [20] shown with relevant experimental data, indicating phase transitions determined by calorimetry measurements. [14, 15, 20, 31] three-phase intermediate state and ultimately evolves into a two-phase structure that is different from the initial as-cast state during heat treatment. Corresponding XRD patterns are shown in Figure 3 . The diffraction data in Figure 3 (a) indicate the presence of the r and d phases in the as-cast (0 hour) specimen. Figure 2 (b) shows that a third phase appears after 15 hours at 1453 K (location C), but due to its small volume fraction, it cannot be identified from the XRD data shown Figure 3 (b). The EPMA composition measurements in Table II , however, suggest that the third phase in Figure 2 (b) is b (Al 4 Sm). Indeed, the three phases in the intermediate state are clearly distinguishable on the basis of composition, as shown by the profile in Figure 4 , which was measured along the dashed line in Figure 2 (b). Finally, well-indexed EBSD patterns clearly support the identification of these three phases, as shown in the orientation maps in Figure 5 , where locations A, B, and C in Figure 3 are associated with r, d, and b, respectively.
With confirmation of the phase identities, the image sequence in Figure 2 reveals that the microstructure evolves during heat treatment from r + d at 0 hours (as cast) to r + d + b after 15 hours, and finally to r + b after 50 hours at 1453 K. Thus, it is concluded that b and r (but not Al 7 Sm 3 ) are in equilibrium at 1453 K. Similar analysis after a 50-hour heat treatment indicates that the r + d two-phase combination is stable at 1373 K. These results suggest that the b + r fi d peritectoid invariant must lie between 1373 and 1453 K, which is consistent with prior experimental reports. [14, 15, 20] A number of additional heat treatments, intended to clarify the (L fi b + r) eutectic temperature, were performed but were inconclusive due to the evaporization of Sm at higher temperatures.*
III. THERMODYNAMIC MODELING
The phase equilibria in the Al-Sm binary system are described here by modeling the Gibbs free energy for each relevant phase over the appropriate range of composition at constant pressure (1 atm). The thermodynamic properties of pure Al and Sm in various structures are computed using the parameters [35] listed in Table III . The thermodynamics of the binary Al-Sm system are described using a chemical associate approach for the liquid phase and simple binary substitutional solution models for the fcc, bcc, and rho phases. The intermediate phases are treated as stoichiometric compounds. All thermodynamic models are defined in Table IV , where the total Gibbs free energy for any phase, F, is given by the sum of three contributions:
where the subscript m denotes that all terms are molar quantities. The first term in Eq. [1] is given by the sum of occupancy-weighted sublattice end-member contributions. The second and third terms are the ideal and excess parts of the Gibbs free energy of mixing, respectively. As shown in Table IV , a Redlich-Kister polynomial [36] is used to describe the composition and temperature dependence of the excess mixing contribution for the solid solution phases. The specific formulation of the Gibbs free energy for each phase is described in Section A.
A. Model Formulation
The fcc, bcc, and rho phases are treated as simple binary substitutional solutions with Gibbs free energies described as listed in Table IV , where x i denotes the mole fraction of component i, and G / i (i = Al, Sm) denotes the molar Gibbs free energy of the pure element i with the structure F (F = fcc, bcc, and rho). Also, xs G U m is the excess Gibbs free energy expressed with the interaction parameters j L U Al;Sm to be evaluated primarily on the basis of experimental data. Here, the fcc and rho phases are treated as ideal solutions, and the j = 0 and Fig. 2(b) , measured using EPMA. *Heat treatments of 60 to 80 h at 1508 and 1543 K produced a considerable amount of Sm evaporation, with a distinct film of Sm deposited on the crucible walls. Similar observations were reported by Buschow and Vucht. [14] Inconsistencies in reported values for the L fi b + r eutectic temperature [14, 15, 20] may be due to such experimental difficulties. The Gibbs free energy of the liquid phase is given by
is the Gibbs free energy of the indicated component. To model the mixing contribution, DG liq m , a three-species association model [37, 38] is employed, where the Al 2 Sm composition is chosen as the relevant intermediate chemical associate due to its melting temperature maximum. Thus, the liquid is considered to be a solution of Al, Sm, and Al 2 Sm associates, containing m Al , m Sm , and m Al 2 Sm moles of each, respectively, with the total number of moles of associates given by
and the corresponding associate mole fractions given by
Recognizing that the system remains constrained by the conservation of elemental components (i.e., n = n Al + n Sm ) and that the associate mole numbers are related to the component mole numbers as
we note further that
Considering now the associate formation reaction and its standard Gibbs free energy change (Table V) where the 0 L liq i; j interaction parameters are assumed to be constant and are evaluated with experimental data. From Eq. [9] , the molar enthalpy and entropy of mixing for the system are computed as 2.751215 · 10 [4] [5] [6] , the ratio of mole numbers is given by
and therefore varies with the extent of the association reaction (Eq. [7] ) dictated by the standard Gibbs free energy change, as in Eq. [8] . The temperature dependence of the equilibrium associate fractions in the Al-Sm liquid, according to our model, will be discussed in a subsequent section C.Note: Compound prototypes and structures are given in Table I of Ref. [11] B. Determination of Thermodynamic Model Parameters
In the thermodynamic models described in the preceding section, we establish eight Gibbs free energy of formation parameters and five interaction (i.e., mixing) parameters, as listed in Table V . The following discussion details our evaluation of these thermodynamic model parameters. Note: Compound prototypes and structures are given in Table I of Ref. [11] . Fig. 6 -Enthalpy of formation for 298 K, calculated using the parameters in Table V . Colinet et al. [22] and Borzone et al. [23] have measured the enthalpy of formation at 298 K in Al-Sm as a function of composition, as shown in Figure 6 . These data are employed here to evaluate the parameters a / (Table IV) for each of the intermetallic phases that are stable at room temperature. There are currently no such data available for the liquid phase. To estimate the enthalpy of mixing for the liquid, several similar systems of lanthanide alloys of aluminum are considered here, specifically Al-La, [21, 22, [24] [25] [26] [27] 39] Al-Ce, [22, 28, 29, 32] and Al-Nd. [22, 33] For these three binary systems, the enthalpy of mixing for the liquid is compared to the enthalpy of formation for the laves phase (i.e., Cu 2 Mg-type), and it is noted that (for Figure 7 . Assuming then a similar ratio for the Al-Sm system and using the reported value of DH Al 2 Sm formation ¼ À55 kJ/mol, [22, 23] the value of DH liq mixing is estimated to be -44 kJ/mol. Finally, phase equilibrium data [14, 20] are used to evaluate the remaining parameters simultaneously, as listed in Table V .
In addition to the stable phases, the metastable phases Al 11 Sm 3 -a and Al 4 Sm-c are included in our model. For the Al 11 Sm 3 -a phase, the parameter a a is determined from our previous first-principles calculation results. [11] For b a , we note that the temperature for the metastable b fi a + L decomposition reaction must be below the stable b fi d + L invariant temperature of 1333.3 K (Table I) . Reported experimental data indicate that the b fi a + L reaction occurs between 1328 and 1351 K. [14, 15, 20] Here the lower limit of the indicated range is selected, and it is assumed that the b fi a + L invariant temperature is 1328 K. With this temperature, the parameter b a is evaluated as listed in Table V . For the Al 4 Sm-c phase, it is assumed that b c = 0, and a c is evaluated from the reported b fi c transition temperature of 873 K [9, 10] (Table V) .
C. Phase Equilibria and Thermodynamic Properties
The Al-Sm phase diagram computed from the Gibbs free energy functions for the involved phases, employing the model formulation and parameter assessment described above, is shown in Figure 8 . Relevant experimental data [11, 14, 15, 20, 31] as well as the phase diagram proposed by Saccone et al. [20] are also shown for comparison. The treatment proposed here includes two Fig. 7 -Enthalpy of mixing for Al-RE (RE = La, Ce, Nd, and Sm) liquids vs reported enthalpy of formation for the corresponding Al 2 RE compounds. [21, 22, [24] [25] [26] [27] [28] [29] 32, 33, 39] The estimated value for liquid Al 2 Sm is also shown. (Fig. 1) . The tie-lines for the open squares denote L + d equilibrium with the indicated d phase compositions. [11] substantial improvements over the previous model, [20] which are highlighted subsequently.
The first improvement arises from our use of the chemical associate formulation for the liquid phase, where the Al 2 Sm composition is introduced as a third ''component.'' The benefit of this approach is that the temperature dependence of chemical ordering in the liquid phase into specific stoichiometric units, selected here as Al 2 Sm, can be described. Accordingly, our results in Figure 9 (a) show how the equilibrium associate fractions vary over a range of temperature (for x Sm = 0.333), where the equilibrium fraction of Al 2 Sm increases with decreasing temperature. The corresponding excess Gibbs free energy for the liquid phase at this composition is plotted in Figure 9 (b). The modeled enthalpy of mixing for the liquid at 1200 K is shown in Figure 10 , as a function of composition, and compared with the previously reported model. [20] Figure 10 also shows the value of DH liq mixing at 1200 K for x Sm = 0.333, obtained from the comparison with the laves phase (Figure 7) , which is used for parameter evaluation.
As a result of our treatment of the liquid phase, we arrive at a more consistent model with regard to the various phase equilibria involving the liquid phase. Our model yields a eutectic (L fi b + r) temperature of 1585 K, where the previously reported model gives 1643.5 K, a value almost equal to the congruent melting temperature of 1644.9 K for the Al 4 Sm-b phase. [20] Indeed, we note a generally better agreement with experimental reports of both congruent and incongruent melting temperatures ( Figure 8 and Table I ).
The second improvement is attributed to our treatment of the metastable a (Al 11 Sm 3 ) and c (Al 4 Sm) phases. In the previously reported approach, the a phase is treated as a stable phase. To be consistent with our experimental observations, however, we treat the a phase as a metastable compound with no temperature range of full stability. Figure 11(a) shows the metastable phase diagram associated with suppression of the d phase. This is consistent with our prior work, where we have clearly mapped out the relative stability of these and other Al 11 Sm 3 (or Al 4 Sm) phases with respect to the liquid and relevant two-phase mixtures.
Finally, we offer one example illustrating the value of these improvements. In Figure 11 (b), experimental reports [9, 10] of crystallization behavior are compared to our model description of the metastable liquidus curves for the fcc and b phases. The plotted data indicate the crystalline phases observed upon devitrification, from amorphous Al-Sm alloys of three different compositions (x Sm = 0.08, 0.10, and 0.14) at temperatures near Fig. 10 -Enthalpy of mixing of the liquid phase calculated at 1200 K using the parameters in Table V . Fig. 9 -Temperature dependence of (a) the associate species fraction and (b) the excess Gibbs free energy of mixing of the liquid phase at x Sm = 0.333. 500 K. Here it is seen that the fcc phase alone is observed for x Sm = 0.08, [9, 10] but that both fcc and b phases are observed for x Sm = 0.10 [9] and x Sm = 0.14. [9] We also note that, for x Sm = 0.08, T g has been observed to be 445 K, [5] suggesting that the appearance of the crystalline phases at higher temperatures involves nucleation from the undercooled liquid rather than from the glass phase. Comparing these experimental reports to the results from our modeling treatment, Figure 11 (b) shows that the observations are consistent with the (metastable) liquidus curves plotted for the fcc and b phases. For x Sm = 0.08, there is a positive driving force only for the formation of fcc. For the higher compositions, however, the temperature of 500 K lies below both fcc and b liquidus curves, and indeed, both phases are observed to form. For comparison, these same liquidus curves are shown, as modeled in Reference 20.
IV. SUMMARY AND CONCLUSIONS
By combining a solution thermodynamics approach, experimental methods, and empirical methods for evaluation of coefficients, the Gibbs free energies for all relevant phases in the binary Al-Sm system were estimated, and the associated phase equilibria are reported here. The computed phase diagram exhibits several key differences from previously reported phase diagrams. Most notably, our results include (1) stability of the Al 4 Sm-b phase from its congruent melting temperature of 1655 K to a decomposition temperature of 1333.3 K, (2) Gibbs free energy functions for the metastable Al 11 Sm 3 -a and Al 4 Sm-c phases, (3) prediction of chemical ordering as a function of temperature in the liquid phase, and (4) liquidus boundaries for both stable and metastable phases that offer generally better agreement with experimental observation than previously reported phase diagrams and predictive capability regarding crystallization from an undercooled melt or amorphous solid.
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APPENDIX
The Gibbs free energy functions from Ref. [35] , listed in Table III , do not include any data for G rho Al and G fcc Sm . In this article, it is assumed that these nonstandard reference free energies can be described simply as G , where the parameter a 0 is determined with first-principles calculations. For this, the Vienna ab initio simulation package (VASP) [40] implementation of the plane wave method is used with the Vanderbilt ultrasoft pseudopotential [41] and a generalized gradient approximation. [42] The Monkhost 12 · 12 · 12 k points were employed for high precision. To ensure that the unit cell corresponds to a related structure, the cell shape and the internal atomic coordinates of the Al(fcc) and Sm(rho) phases were fully relaxed, while only the cell volume was relaxed for the Al(rho) and Sm(fcc) phases. The parameter a 0 is calculated as the energy difference between the fcc and rho structures, i.e., a 
